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evas.cn of the defense mechanisms of the ™n ho "J^^J^ , pffiMP1) , * l^wn to 
antigenically variant adhesin P. JWcp« n,m -j£fg te ^ lC me diates binding to different 
be transported no the infected erythrocyte (pRBC ' ^ ar£ e7CDressed by ch e parasite at the 
host receptor,. Here we ^^^^^^ of 30-45 lL. We have found 
P RBC surface, ^ polypeptides encoded by the nf multigene 

these antigens to be idenucal tc , the rmns P F identification in rosetting para- 

family. These parasite produc^ ^.falcyantn, Putins are irrrmunogenic » natural 

sites, are prominendy expressed by fr-sh isolates , o jj? . immunoprscipuation 

Sections and strain-specifically recognized ^ ^V^^ aggludnat e p PJ3Cs digested . . 
' of surface-labeled P P3C extracts. F^ermor^ ^« ^cc^tec^Butrito 

Wlt h trypsm at conditio* such that radi oiodui by ag§lunnaClng .ntibodies. ' 
are detected, suggesting the presence o "epitopes m . sevenl ^fo^ ^ the 

When analvzed by rvvo-dimensiona] ^«<£^£^£ an addici0na l potential novel source 
pi range of 5.5-6.5, indicating molecular ™ ao J* e "^*£d* of 20 22 , 76 : 8 0, 140, and 170 kD 
■ of antigenic diversity xn P./^rn. ^^Xt^o^ek or field-isolated parasites. 
n^^^^^ 2 ^ of cloUy^rt anugens ^ » be 
d^ S eXy P. W.-." °n d* surface of the infected er-ytnrocyte. 

Key words: P JaMpaM • surface antigen ■ nf gene family • antibodies • strain-specific 

, ™ Prlre Wand and undergoes clonal switching (2, 3). PfEMPl 

^herno^dityandrnortah^associated^thP^. are encoded by the «r gene = family (4), and 

1 malana infections ocpirs ^cO^jegr^x* PgPP ££j Qn the cell surface as the para- 

the erythrocytic phase of the parasite life cyde Stiatejes * P ^ ^ £ady f co the plg 

used by P. falciparum for maximizing survival and prohleia s ff0 p ho zoite stage, simultaneous with the onset of 

tive capacity in the bloodstream include the receptor me^ - n«n« £ ^ ^ ^ rf che pRJ3C (5) . 

ated sequestration of P. fMf*r»^«£ Studies of humoral immune responses in natural infec- 

. (pPJ3Cs) on the vascular "^^^^^^Se dons of P. falciparum higlrhght the extreme diversity of ant^ 

ation of antigenic epitopes on the pRBC surfacc to aa deCeralinanCS on the infected erythrocytes (6-3). Al- 

antiparasite mechanisms of protection m ^\ h ^ Q ^^ "hough sera from individuals with a history of exposure to 

■ A polypeptide exported by the parasite to the outer face „ antibodies that react with epitopes 

ofthe pRBC membrane, the 200-400-kD P. ***s « * mjr ^ ^ of ^ ^ 

Oocyte membrane protein 1 (P^D, 1 - a cytoadher- sh.ied^ re5ponse surface deter- 
minants on the pRJ3C is strain/clone specific (9 10). The 

~ d ,„ w -r rno chines, hamster ovary. HUVECs. variant anrigen P£E MP1 has been postulated to be the sole 

'AU^o,. » J J Xh c M c lb; PECAM1, plaxdei/endothclial andbodie s that agglutinate pRBCs and 

^ rSE^l. P.JM*. ^chrocyce ^ Confer protection against clinical disease (11, 12). 
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procciv, oiK f^nu, ^""^T^cs binding 
of the infected erythrocyte (-.). uUei - c£ l]alar 

a dhesion f> le "* V^°, the adhe sion phenomenon known 

uninfect ^^p^prides oflow molecular mass 

as resetting (14, 15) . i oiyp t d [£rmed 

ba « been ndiolabe e - > *e s ^ 

roseate after then idenufica- ^ chat 

Based on this and addlt101 ™ of po l yp epddes to 

the parasite sports more than J ^ he d data), 

the ho, cell -^^^ a n^ the surfaces of P P3Cs 
we set out to systematically lean ^ 

harboring culture con- 

nencs °r tbe malysis and charactenza- 

diaons. Here we hav ^ a 51Z£ < 20 0 

S iri^omL known PffiMH -gens. 



Materials and Methods 

M « W &*■ The P /f£;:;SJ C F ^35 I') and 
.. FC R3SV/b ^) We ? c S:,?lr yt X re „ce to the CD36 
FCR3S1"(K-). respectively tor y obtained 
• receptor on C32 ntiosetting parasites 

from FCR.3S by repeated elecn, « fay hmting 

^ desenbed else^re^ ^FCP^^ ^ 
dilution nrom FCKJa, subclones FCR3S1.~ 

isolated in The Gambia, T&est , JW» ■ A ^ ^don fiom 

FCR3S1. Clones TM2S^- ^giwo (K + ), TM284S7 (K ), 
TM2B4S12 ^™g 4 "$ Li derived by micro- 
TM284S9 (K-), and TM284 Sl^U J ^ wth 

manipulation from the ^J^JZln, patients in Thai- 
strain TM1 80 <K"). were eclated & P ite 3D7 

was obtained by who acqll ired malaria in the 

which was derived from a pan nt ^ K29 (K+) was 

airp ort f ea m Amst .dam. TheN ^ ^ 
cloned from ITOK, a parasi originally cloned 

the resetting phenotype. The P£»« kt£ The p. /flW . 

& om die W2-MEF- ^ o^ochma^ 354 t of a 

uarum isolates 186, 1^, ^ , . fr African children m- 

Lger panel of field P^" s ^ blood samples were 

fec«d with malana. ^pon coU-- ^ s . For dl e lr 

mediately frozen "cordmg » s and mlintairied in 
analysis, the frozen ^^^^ parasites developed 

^JT— « - ^ ^ ^ - ^ 

an area characterized ^ h ^ " 1?0 198 , 2 41. and 

noted 022, 102 119. 142. ^ a esion with seasonal 

368), (b) ^"^S^J^IS. and 136). and (c) chfl- 
malaria transmission (denoted ^0/-, i a ho _ 

dl , n y r old hvmg ; m Sa.acio an aie ^ ^ 

loendemic for malana (deno nQM had symp toms of 
donors bad had repeated rnalan; *a cU 
clinical malnna ac the^ou «^ ^mph ^ 
coasen. was obtain =d_hom th J ^ imctivated „ 56°C before 
seta were stored at /u 



r^ntrol sera were obtained from healthy Swedish blood 
the assays. (_onaui ..w 

donors. f die lahoratoi-S'-adapted parasites 

Cuhwc of Parasites. tJi ■ h + 

used in this study were "^^"^ added to the mala™ 
cyces at 5% hematoc,-u with lO^AB ^ ^ ^ ^ ^ 
culture medium con^um ^ dn , pH 7.4. In some 

W * um c££^ fOT the r05£ttins phL " 10 - 

cases, cuiiui.t.u k /io'\ 
m +^ D re\dously described (.lb), 
type (R ) as pie > iodinatloI1 e f pPJ3Cr, was 

S,|)«r M« Y^ia/Nj'Sy^O, method under 

pei-fonned by the ^P^^^ding. In bnef, 2 X I 0" cells 

conditions of ^ p ^^^ in ! jolily of parasites in the 

of a culture at ^^ P-^ hed „ p BS and resuspended to \ 

trophozoite stage wae p^ l2SI (Amel . sham) and 

1 nil in PBS plus 1 niM ^ °^ ^ , Cq was 

. 10 0 p-1 of 2 ^^.^^^e addition of 25 ,,1 of 
added, and the reacnon ^^^^ of 25 ^ of 0 .03% H 2 0 : 
0.03% H a O, Radioiodmated cells were 

were adimmstered at -imii conCaining 5 mM KI and 

washed four times Q lus 5% sorbko l. Labeling of 

resuspended m 1 o. W. > i d £ of ^ acld £Clp . 

ii^ceTlularhenwglobfflaKO^^^ ^^^es/agglucmates, 
itabie mcorporat « ^ added to the cell suspension, 

100 IU/ml or heparm ( Lsvens ^ , o 3 .gauge (0.6 mm int«- 
and this was passed five tmie thiough a ^ g^, ^ ^ 

■ na l- diaia,eter) needle M^^; 6 o, 70 , and 80%) Percol " 

■ W " ° Verl ^Ml/ P 5y oSol -d centnfuged m a JA 20 rotor 
gradient in soi for 3Q ^ ^ room 

(Beckman ^^^nveen the 40 and 60% Percoll layers 
temperature. Cells Jo arm ^ erythrocytes) were recovered 

( >95% mature P^^^^^cTed P PJ3Cs were first e X - 
and gently ^ w "^™ s containing a cocktail of pro- 
tracted with 1% Tnton ^"^^ ^g/rrjleupepdn, 0.7 & 
tease ^^^^^50 pg/ml aprotirnn) and subse- 
ml pepstann, 0.2 ' f 2% SD5 ^ protease inlnbitors 
quently extracted m a solunon ot ^ fraction were 

J, PBS. The PO^Pf^/ £ Jp" buffer and separated by a 
solubuized m 2% SE ff_^ SD |_ pAGE . The dried gels were 
SaS SiS" 3 ^horln-g- and ImageQuant 
^alysis software (^^^SSx.joO extracts of suAce- 

^"-" 0 ^'7" s pX) -ere mixed with 375 ol of NETT 
i-adioiodinated pRBCs P ^ fi ^ disodium EDTA, 

(50 mM Txis, pH T; 4 ' J 5 ° ^ apr0 anin, 0.02% sodium azide, 
20 a.g/ml leupeptm 50 p gal P G _ &e£ ^ 

and 0.5% T"^^:^ 1 ^^ Triton X-100/PBS. 15 of se- 
Chanical ^"^sM^iSan-imted e:ctract, and the samples 
™» was added to 5 30 ^ cf « «= ? ^ A _ Sepl ose 

were incubated for 1- h aft bu fe r /l0 mg/ml IgG-hee 

(10 0 pi of a 50% «f^^Ze ^ incubated for 1 h 
BSA) was added, and the samples ^ ^ 

*room««npeia-«^«^ e T widi 1 ^ of ^tt/q.35 M 
wee with 1 im oi i '-rivTRTT The Sebharose beads were 
. NaCl, and twice with 1 ml oi - p ^ GE le buft - el -, 

pRBCs purrfied onJ^oU & conccntratLons (see Fig. 5 

(Sigma Chemical Co.) at - u ^ ten ^ ated L , y 

and Table I, ^V^^an of tr^in inhibitor (Sigma Chemical 
S.^ WmTt 1 SI °U>10% AB^ se,um. Cells were 
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AB* serum for binding ana a„ SD^-PAGE as described above. 

_ . ,- n nn '^T^ -\nd analyzed dy L rtVJ ~ . 

v,Uh some modiD,aaoi., pi cu ,. ure me _ 

^hhont scages were v^hed th ,« nm* b ^ , 

dium and dien resuspendea at -u, d nonpre diluted 

,, sl ,n.xed ; vich an equa voluni ot p edilu ^ J c _ serum 
semm to a final dil ucor o. 1... 1- ^ toodon 

m * wl , was » ^ C ^ d Wlth 5 ^ ofac ,dine orange 

of 3 rpm. A 10-u.l aliquot ™ uriv . fields ot vision 

;md mounted on a ^^.^^^^ incident UV 
were examined diagonal^ using b)ood donors 

light microscope. Contro s=ra ^ ^ used for analysl , The_ 
were used. S--quan«ativ sconn ^ agglutina tes ot 

^urination assay *-°« d ne q£ 4 _. lq pRB Cs; 

4 pPJiCs were detected, ^ aegluriM tes of 11-20 

2 + , >5 agglutinates o 4-1 C _c* ^ ^ d _ 

pRBCs; 3 + . > 5 agglutinate, oi 11 p 

fSisma Chemical L-o.j an Mcnr -a is oreviously described 

^roscope.Rosetring rates were rneas^ed^ ^ r 

(20 ). Spontaneous «^^^^Le (13). Adher- 
^"oESS^S melanoma cells, human -biHcal 
ence or pKiS^s to u Chinese hamster ovary (CHU) 

vein endothelij ceEs adhesl0 n molecule 1, 

celk tnuBfected vnch ^ ^^.^ ad hesion mol- 

or L cells transfectied with piat-ieu ri „ crib ed (21). In some 

■ ec, J e (PECAM )1 /CD31 W ^«xed. desenbed M ^ 

cytoadherence assays on HU ViU - ■ ns) „ 

-re 6* disrupted V ^ a 23 P . gauge (0.6 mm 

the culture and passage (nve nmc suspen- 
intera d drameter) needle us^g a 1-^ W ^ 

slon was overlaid on a four- «epj«. 0 ^ ^ ^ 

^^^^MI. ^d used for the assays 

in serum-free medium. binding of human 

described elsewhere (22). 



30 h. The intact cdk -er z ™l y n to surface _ 

didons ensuring --98/6 isotope polypeptides 

containing parajii-^ r 



, ■ : nt - ected or uninfected R£Cs trom the 
not on the ring-in tected o d 
same blood sample (Fig. 1). The iu wM van _ 

of radiolabel incorpovuaon ^ ^^^ Typically, the 
ab le and essentially unicpe^oi ^ ^ ^ 
hrg est of these bands (,9 kD) co ^ s;lycophoiin A 

tadioiodinated monomer cl^.^^ ^ V 

cem. One to t u- < duster of bands with isolate- 

in S1 ze formed a ^ c ^ QC r ^S =d to scudy che P R3C 
•speonc P---^ J- donss of P.>^ r u m and 

sunaces ol 1 / saa lin . ddes in the ratlge of 

found that radioioQina.am- p Yl t ^ expressed 

•^n kD were commonly expoi^d and su-ta-e p 
30-n5 UJ vicro-propagaced parasites (Fig. 2, 

"J ^rS^nt 0^ ^d'heir relative radiolabel 
A-C). The rn.rn.Dei u mr ,5ite As determined by 

intensities was specific for ^ea^ pao^ ^ cul _ 

xadioiodinarion «P««™»= 3^45 & polypeptide cluster 
aires, the expression ol the ^ 1 • / £ fter inva _ 

°o^e C end^ ^ - ^ 

sl on unat trie ena 7 expression of antigenic and 

matching tne time "f 5 - °J P of p£EMP1 on ch e P P3C 
^sivep^ocypes -^onse^ 

T?on x "0O m c'onn-ast to the extreme insolubility of 
Tnton X-IOU, in u Addinon?! parasice-speafic 

P£EK4P1 in nomomc deterge wlth 
radiolabeled bands wet ^^^^^dparasites 
some of the panent isoh ^ ^ ^^^^ ^ 

(Fig. 1 and Fig. 2, A L.J. . - radiolabeled 
- isolate 199, whereas a polypeptide ot . ^ 

in isolate 347 and ^ -^^friropagated parasites, 
were visible ir -;=f 4 °^^ detect ; d £ TM130, a strain 
and a polypeptide of 140 polypeptides. Most 

also expressing several smalle, (jj ^ I P 
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from malari, P a^n D we « Anwed ■ ^ sllr£ace - ra dio i0 dinat ed B 

^bi^d in Macen^ and M.thod, L b led ^ a = nQmn . 

z oi £E and schizonc .caps vv e sepa- c - ^ 

f ECtC d ceUs (P^C) m P« co 1/l0lblC °l, d -^ 5QS-P AGE. Mokcukr sizes 

PEMP-1 polypepcides ace not mdicated. 
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,-rV, / A"\ Culcur-s of P. falciparum strains and (B) parasite 
.rvthmcws infec^d with paiisiKS adapced.to in y«ro S^th" ^ ^ Idh-reice of pRBCs to uninfected eryibrocyL 

ClOl"tCS U- ■ k.nninnnl m 



clones orovm uu... . ---- - - ■ . ■ • •. ' CH 0 cells mnsfecced with die CDj6 r "° prol ^^j^L bv macromanipulaaon-assisced colkc-- 

^osetdng). other pRBCs (Au^u^o^ ™ C andK - dones wer e ob^d «»m *e T^U84»*^ ^ adhesive and surface- 



.■ the scronolv radioiodinated band of 170 kD 

rr: c * £ ^ (199 and 

Sf5> « wl -train TM284 and several of its clones 

™ ™T ^^^^^^ 

f 9 80 Lit), and 170 kD and a PfEMPl P°gf P^ 
"Si kD (TM284S2 is shown; gels optimized for PtEMl 1 

.hewed unique combinations of bands in the ian 0 e 01 
33_45 ffi and no detectable PfEMPl proteins in the g^ 
Tte result was consent with the reported role of PfEMPl 
^ w 1i«nd (14 15) Moreover, the data strongly sug- 
" S TSd,S.don oWed in the small surface aniens 
g r SC S in tL ran-e of 30-45 kD had us origin in a set of 
van at Zt Bv comparing rhe patterns of surface- 
S^o^Uddes pressed by the sibling P—ces 
.adioWded P P 6 ^ sharing isogemc 

b^oundate then- cloning by nucromanipulation rrorn 

piously cloned FCR3S1 (R ) . i« 
the expression of the small surface antigens * 
n.™c is subiectcd co clonal genetic switching (fig. . B>. 



To investigate the stability of expression of the small sur- 
face anti-ens in parasite populations that were or were not 
exposed^ selective pressures other than those mherent to 
^o growth, we -I-labeled pRBCs periodica^ col-, 
ected from year-long continuous cultures of FCRoSl, 
Snmned with regular- em,chment for the rosemng pheno- 
3 and the Dd2 strain, cultured without selection but dis- 
Jllrosetting rates consistently >65%. The results showed 
no d£n°e in d« type of radioiodinated polypeptides of 
I^o parasite, grown during at least 150 generations, 
as assessed in at least 10 separate experiments of surface la- 
beS» of P P3Cs (data not shown). Although snrular aaU- 
^nr° the small surface antigen types is a characteristic ^of 
other parasite strains undergoing long-cerrn culture a de- 
crease in the expression of these radiolabeled bands has 
been sporadically observed m some cultures. 

McLlar HcLgcneUy of to Small Surface WjP^ 
We noticed that some radiolabeled bands mie ,0-4=-_kD 
duster appeared characteristically oisperseo (Fig. 2 B . Th 
cServaSn prompted us to investigate possible mo kcul, 
hetero-eneitv not discerned-m regular SDS-PAGE gels. A 
"Sdunensional electrophoresis analysis ot an SDS e.ng 
nf FCP3S1 2 pRBCs (the one-dimensional ^DS-PAOt 
p aem of Ms parasite is shown in Fig. 2 B) revealed the 
Se of charge and size rmcroheterogeneity m *e sur- 
face-radioiodmated polypeptides _(Fig. A ana V). The 



ksite-specific bands of 35 and 36 kD resolv, 



id into sev- 



ffiTcSr ^cies or isoforms in the P I range of 5.5-6.5 

T \ r- a revere coi^posidon discinct &om the majoi 




] Band 3 (aggreg.) 

j Band 3 
} Gp A (aimers) 



Go A 



Gp B 



B 




• u «n d=i VD cluster exhibit charge and 
K?ure 3. SnaD "^^S^ato were - 
s,ze microhecsrogeneity. (A) . H separated and 

pH gradient after isoelectric fowling. 



todycopro.e.nr, Sly^""/^ I B»d 3 »d glyco- 
r — oprec*^ 

phonns A, d, anu ^ nh ^ nn n f the normal FLBC 

s „,face-rad,o,odumr,ble antigens of FCIUSl.- o, y 
strain/done tested >n_4i.H> Cluster J it Mmlital 

Genes. As part . of * ^nscnpciot^al units sharing ho- 
proj ecc, a numbe. o mm ti * P Rip iye 

mology with the sequent on 0 m. y rf L che 

opened family; reteience 2, ) Thl5 l av . e 

subtefomeric regions ^/^^^^^e pro- 
family of nf genes --^.^^roc^d to invLn- 
ceins of 30-40 kD termed nuns. ^ e pioce-a 
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■ i w -!n_j=,-,-D surface antigens char- 
-hecher che :«« ^ - d 

accenzed here caused 3' end ol 

the .deau^d arm PFB ri955w were used to imniu- 

noprec.p.me SDS „ j Ancibod.es in three 

bded P R3u ot c. smaU 5uirface 

?t ^^T^etuS J pro;ed (L chat the sn.H 
;Snc al^iexpressed on che P P3C surface .re prod- 

^ od,er B, ' Hdi, « p ? c r 

s,,, J tlce J . ' j -vhethpu the expression 01 nan 

typii . We next W ^^t^oc.ated with roseccmg 
proteins on tne pUBC ^ ^ w£ 

the strain FCR-->S by Lnu roseccmg, 

»to^uo^^ ^^^^^ ed 
obtained from FCR3bl by ^ j conmsti the 

Relabeled oands.or J ^™ 1 ^ r subdone FC R3S1.6 

M rSdtS3 : W, a ^pepode always found 

only ezdiibicea cne . * r , rpn^s lineage - 

u -Rr, infected with parasites 01 the b^KJi lin^ 

■.• (Rs . 2 B) TH«« p«h™r» [ » 

here) did not aispi y polypeptide, whereas 

n.olecular mass other than _the ^ VP^ TN12S4S19) 

binding in 1U ■ P tide of 170 kD and an ad- 

band corresponding to a poi^p-p , h TM2 R 4 and 

j - i oo vn nolvneptide were cletectea in 
»"f L P^doS to were not or were ver, fcm.ly de- 

l»es 

""cttotd proteolytrc d.^riort of rct.c, r.dio,od m »«d 

^onxiuu h h irr her explore possible associations 

RBCs was -d » J agen5 md binding 

between the ex P^°n surface-radioiodinaced, 
ph enor /P e, ^^^^tes with trypsin, complete 
a-ophozoice-inLcted er, OCCU rred at 

deletion of the «-kD ^ m ^ or hlghe r 
J^T^cScD polypeptide of this parasite showed a 
Xed^ity to che protease. In comparison, tne 



o Cf g g 



94- 

67 - 



30- 
20- 



^ c c- c- 

£ 5 5^ , Q 
■»? ? c" ? c r 

K fC t •> 



VJlft 



nYgene Antisera to peptide 

FFB 0 040c . . .LIL,?.VP.R"J s -O^"™0~>'V^ 1 ^ 



2S5-kD PfEMPl polypeptide expressed by FCR3S1 was 
cleaved at concentrations of trypsin <1 u.g/mi, in agree- 
ment with our and others 5 data on the high trypsin sensitiv- 
ity of most PfEMPl polypeptides. The proteolytic treatment 
left the bulk of Triton X-100- and SDS-soluble polypep- 
tides unaltered, with the exception of the glycophorins. 
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Rosetting : 
(% al control) 

CD31 Adhesion: 

(% ol control) 

CD36 Adhesion: 
(% oi control) 
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Figure 5. Trypsin sensitivity of rifins and binding phenotypes. 12, I -labeled 
pPJ3Cs containing FCR3S1 parasites at the trophozoite stage were digested 
for 10 ruin at 37°C a: the indicated concentrations of enzyme. The Triton 
X-100-insoJuble fraction was analyzed by SDS-PAGE in a 7.5-17.5% 
gradient acryiarnide gel. Treated cells were washed in PBS, resuspended 
in culture medium supplemented with 10% AB" 1 " serum, and either mixed 
with uninfected FJ3Cs of the blood group O at a final hematocrit of 5% 
and allowed to reform rosettes for 45 rmn or assayed for cytoadherence 
on monolayers of PE C AM 1/ CDS 1 -trans fee ted L cells or CHO cells 
cransfected with the CD36 receptor, as described in Materials and Meth- 
ods. Kesults represent the mean of three experiments. 



Figure 4. Precognition of die small surface antigeiis 
in die 30-45-liD cluster by antibodies to rif gene— pre- 
dicted pepddes. (A) Imniunoprecipitanon of p-^fJKJa 
surface-labeled SDS extracts of FCR3S1.2 pRBCs with 
either human immune sera (no. 179) or rabbit antisera 
raised to die 3' conserved end domain of die: indicated 
'if genes mapping to chromosome 2 of P. fnidpcinm) 
strain 3D7 (24). (3) Inimunoprecipitarion of p 3 S] cys- 
teine metabolically labeled SDS extracts of FCRJ3SI.2 
vjPvTJCs with rabbiL serum anri-n^-p re dieted peptide. 



The sensitivity of the rosetting phenorype to trypsin diges- 
tion of intact pPJB-Cs closely matched that of the PfEMPl 
protein, but not the removal of the 35- or 39-kD riniis 
from the pPJBC surface. Similarly, the trypsin sensitivity- of 
other adhesive phenotypes of erythrocytss bearing FCR3S1 
'or its clone FCR3S1.2, such as auto agglutination of in- 
fected PJBCs, binding to the blood group A tiicaccharide, 
adherence to the CD36 receptor, and binding of normal 
human Igs paralleled the cleavage of PfEMPl (data not 
shown). In contrast, an association was found between the 
deletion of the 3 5 -kD rifin polypeptide and the abrogation 
of pRBC binding to PECAM1/CD31, expressed consritu- 
tively on PTUVECs or L cells transfected with the correspond- 
ing gene (Fig. 5). 

The lack of association between the expression of non- 
PfEMPl antigens on the pPJBC surface and adherent phe- 
notypes of the parasite, with the exception of binding to 
PECAM1/CD31, was further evidenced when we panned 
the rosetting FCPJ3S and FCR3S1 parasites on C32 mela- 
noma cells expressing the CD 36 receptor. The resulting 
highly CD36~cyto adherent, nonrosetting parasite lines ex- 
pressed different patterns of surface-radioiodiiiatable polypep- 
tides, 36 and 39 kD in FCR3S/b and 39 kD in FCR3Sl/b. 
Polypeptides of 39 kD were also detected in noncy to adher- 
ent, nonrosetting parasites (Fig. 2 B). 

Immune Recognition of Variant FJfin Antigens. To assess the 
natural antigenicity of rifin polypeptides, we initially tested 
two human hyperimmune sera in inmiunoprecipitation of 
SDS extracts ofsurface 125 I-kbeled pRBCs of the FCR3S1.2 
clone. Antibodies in these wo sera recognized radioiodinated 
rifkis of 35, 36 (doublet), and 39 kD m addition to PfEMPl 
(Fig. 6 A). Rabbit antisera raised against GST fusion pro- 
teins comprising die semi conserved DBL1 and the highly 
conserved ATS domains of the iw/PfEMPl expressed by 
FCR3S1.2 immunoprecipitated PfEMPl polypeptides but 
did not react with rif gene products. Having obtained the 
Erst evidence that rifin polypeptides were naturally immu- 
nogenic, we next carried out an expanded analysis of- the 
antigenicity of these parasite products in natural infections. 
For this purpose, we used a panel of 18 sera from malaria- 
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exoenerced individuals living in different geographical re- 
nf^mca (Kenya Liberia, and The Gambia) in assays 
of irnrnunoprecipitation and agglutination oi FCRjM.- 
and^S4 parasites (Fig. 6 B)'. Most of the sera immuno- 
tinited one or more radioiodinated rifin polypeptides 
Srr^of 3«9 kD, both in FCR3S1.2 and TM^ 
narasites Qualitative vanarion was observed m the anti 
^ pattern recognized by different sera hi each parasite, a 
St consistent with the extent of the rif gene repertoire 
; n dd"s,vitchin, m expressed nfin types. At the same time. 
£nt of epitopes between parasite-specific vanant forms 
Sns w/suggestedby the correspond^ reacnvities o , 
m-inritv of the individual sera to the j6-kD doublet oi the 
p-s.e and the 39-kD band of the TM284 strain 
Result anticipated if conservation at the 5< and , ends » a 
vSespread feature of rif products. The major radioiod - 
mt-d 170-kD polypeptide of TM284 was not —op re- 
c^itatelby imnJe sera. The fflMPl P^P^ £ 
two parasites studied were recognized by all of the sera ^ 
« -7? 100 and 136 (data not shown). The agglutination 
of troPhozoite-beanns P RJ3Cs by the immune sera was 
l"ril> but not strictly, correlated with then capacity to 
Irnmunoprecipitate the small surface antigens. 

To study the relative contribution of surface-chosen 
epftopes on rifin and PfEMPl antigens to the agglutination 
Stion we took advantage of the differentia sensitmcy 
ha members of these" two protein families display to con- 
Sed trypsin proteolysis of intact pRBCs. Ponn polypep- 
ti des of the clone FCR3S1 (33 and 39 fcD) are at least 1U0- 
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fold less sensitive to the protease than the radioiodinated 
PfEMPl of this parasite, which is no longer detected after 
digestion wkh 1 u-g/ml trypsin. Antibodies in immune sera 
a-lutinated trophozoite-beanng pRBCs digested with 1, 
IcT or inn ixg/ml trypsin before incubation with antibody 
(Table I), suiting the presence of epitopes m nuns car- 
peted by surface-reactive, agglutinating antibodies raised 
during P. falciparum infections. 

Discussion 

In this study, we show that the vast statural and anti- 
genic variability created by P. falciparum on the surface of 
the host erythrocyte has its molecular basis not only in the 
PfEMPl polypeptides, encoded by the var family of genes, 
but also L multiple additional P^^^"^ 
including a prominent group of relatively small antigens 
encoded^ the Wf family of genes. These polypeptides ^ 
clonally variant and may undergo postradiational modifi- 
cations resulting m molecular nncroheterogeneity a con- 
ceptually new source of antigenic diversity on the pRJ3C 

5 i a e"des 1 thl'vanant adhesin PfEMPl, several undefined 
polypeptides of 20-55 fcD have reportedly been detected 
on Surfaces of erythrocytes infected with mature s£ges 
of P. falciparum (16, 17). In each case, the detection of hese 
polypeptides was performed after lactoperoxidase-catalyzed 
fod nion of intact infected erythrocytes, a procedure used 
for the radiolabelmg of exotacially exposed proteins on .ell 



Table I- Rcaainly ofAdoimin Immune, Sew with Trypsiit -sensitive 
and Trypsin-Tcsisuvn Annpuns on the pR.BC Surface 

Agglutination* of tiypsin-digested pR£Cs + 
(|JLg/ml trypsin) 
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Antigen 


Amount detected on 


pRBC surface 


r 






% 






PfEMPl 


100 


0 


■ 0 


0 


39-kD rifin 


100 


97 


71 


65 


35 -kD nan 


100 


74 . 


37 


15 



* Agglutination of. trophozoite -containing .pP3Cs after incubation -for 
1 h at 37°C with 1:2 dilution of sera from donors from Kenya (nos. 11, 
SO, and IIS) or Liberia (nos. 22, 119, 142, 163, 174, and 241). Aggluti- 
nation was graded as described in Materials and Methods. 
*FCR3S1 pRBCs were incubated with enzyme at 37°C for 10 min. 
5 The amount of ladaoiodinated antigen was estimated by Phosphorlmager- 
assisted quantitation of cpm in the corresponding SDS-PAGE bands. 

plasma membranes (25). In our analysis of parasite -derived 
molecules exported co the host cell surface, with a focus on 
products different from var/PfEMPl, we have studied 23 
clinical isolates, laboratory-adapted strains, and lines or clones 
selected for binding pheno types, including resetting and 
adhesion to the CD36 receptor. At least 12 polypeptides, 
rancdms: in size from 20 to 170 kD, were identified by mild 
radioiodination of intact trophozoite-bearing erythrocytes. 
The most common and prominent of these products, both 
in fresh clinical isolates and long-term-cultured parasites, 
were detected as a distinct group or cluster of bands in the 
range of 30-45 kD. The large family of rif genes and its 
purported subfamily steuor, encoding potential transmem- 
brane pro reins (rifins) with a predicted size of 30—40 kD, 
has been recently identified in P. falciparum (24. 26). The rij 
genes have a rwo-exon structure, with the first exon coding 
for a predicted signal peptide and the second for polypep- 
tides containing an extracellular domain with conserved 
cysteine residues and a highly variable region, a transmem- 
brane segment, and a short cytoplasmic tail that is highly 
conserved. According to preliminary estimations, there may 
be 200-500 rif genes in the P. falciparum genome. At least 
some of the rif genes are transcribed in blood stages (24). 
Our finding that rabbit antibodies raised to the conserved 
basic CO OH terminus of ruin-deduced amino acid sequences 



specifically immunoprecipitate surface- or metabolic a 11 
labeled polypeptides of 30—45 kD indicates that these ami 
gens are the products oi the presumably most abundar, 
gene family in P. falciparum. 

A salient feature of rifin polypeptides is their variability 
in size as well as in the number of distinct components ex 
pressed in different parasites. The capacity of P. falciparum 
to undergo clonal antigenic variation has been establish e 
(27, 2S), and the switching in the expression of different vc 
genes, or their product PfEMPl, is correlated with clom 
changes in surface antigenic determinants of the pRJBC (3] 
Rifin antigens are clonally variant, as the analysis of clone 
and subclones of TM2S4 and FCPJ3S1.2 parasites demon 
s orate. These variable products, which are partially solubilize 
by neutral detergents (e.g., Triton X-100) but reqiur 
treamient with 1-2% SDS, conditions that disrupt the ho: 
erythrocyte cytoskeleton for complete dissolution, are tram 
ported to the plasma membrane of the infected BJBC an 
exposed on the surface according to several criteria. The 
are .(a) readily and consistently labeled by the lactoperoxi 
dase/Na 125 I/H 2 0 2 method under conditions that fail t- 
label hemoglobin and (b) cleaved by trypsin treatment c 
intact infected erythrocytes under conditions that do nc 
cleave any other RJBC or malarial pro terns, except glyce 
phorin polypeptides and die PfEMPl antigen. 

It is unknown how n/ gene expression is regulated. Th 
clusters with varying numbers of radiolabeled bands detecte 
in freshly isolated as well as hi recently cloned parasites may* re 
fleet, besides several other possible explanations, (a) the nor; 
clonal composition of the parasites (29, 30), (b) postrranscrip 
tional processing of the product of a snigle gene, or (c) th 
simultaneous expression of several rif genes. Implicit in this la; 
alternative would be a partial lack of allelic restrictive processe 
(e.g., allelic exclusion) counselling the expression of prod 
ucts 'from the rif loci. This 'is m contrast to the 11 one para 
site-one gene" modality of surface protein expression i 
the rWPfEMPl mulrigene family (31). The finding of micro 
heterogeneity- in die rifins could be explained by the concur 
rent expression of several rif genes encoding polypeptides c 
similar molecular mass. Alternatively, superimposed to th 
variation created at the pPJBC surface by die display of pro 
terns comprising semivariable and hyp entailable regions, e.g 
iWPfEMPl, additional layers of antigenic variation could b 
generated in asexual stages of P. falciparum by die addition c 
carbohydrates, phosphate groups, or perhaps- unusual modifi 
cations of polypeptides targeted to the erythrocyte surface. Ex- 
amples of posttranslational modifications modulating th 
surface architecture, and likely the survival /virulence c 
pathogenic microorganisms, are the glycosylation and glycero 
phosphorylation of antigenicalry variable pilins in the prokar v ; 
ote Neisseria species (32, 33) or the glycosylation and paknitoy 
lation of the variant surface proteins of die eulcaiyotic parasit 
Giardia species (34). Analysis of the rif gene amino acid se 
quences available to date reveals numerous and relatively con 
served potential sites for O- and rV-glycosylarion. ' ".• 

Allowing for the limited number of chnical isolates in 
eluded in this study 7 , it is interesting to note that rif gene ex 
pression is detected as prominent bands in each of the wiL 
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Figure 7. ■ Antigenic diversity 
on the intecced erythrocyte sur- 
face. Sources of die structural 
variatioa created by P. fnkipartmi 
on its host cell can be: (1) the 
large variant antigen PfEMPI, 
encoded by the gene family for, 
with ^50 genes per genome; (2) 
the small antigens rifins encoded 
by the multigene family rif also 
termed sicuor (200-500 genes) 
(die location of these products at 
knobs is not presently estab- 
lished); (3) modifications (not yet 
defined) of the translated poly- 
peptide resulting in further layers 
of molecular micro heterogeneity; 
or (4; additional parasite antigens 
transported to the pPJ3C surface. 



parasites examined but absent or faint in some of the strains 
or narasite lines -that were long-term cultured m the labora- 
tory Chromosomal truncations, resulting in gene deletions .■ 
as well as eamecocvtogsnesis and cytoadherence phenotype 
losses commonly occur in P- falciparum propagated mitot- 
irallv'in vitro (35-33). The function(s) of the variant nfin 
antigens being unknown, it is likely to be essential for sur- 
vival of the parasite confronted with the host's environ- 
ment and defence mechanisms but not indispensable tor in 
vitro growth. The variant nature of the rifrn antigens fur- 
tW suggests that presence at the pRSC surface is a com- 
ing need. 

Our data do not support a direct role of nf products in 
rosettmg binding. An accessory function in conjunction 
with the resetting Mgand PfEMPI (14, 15) cannot be how- 
e^r completely disregarded. We have previously shown 
c'the trypsin sensitivity of other binding phenotypes ot 
multiadhes'ive parasites, i.e., binding to blood group A, auto- 
a^lutination of infected erythrocytes, binding of normal Igs, 
and adhesion to the CD 36 receptor correlate with the en- 
zymatic d.gestion of PfEMPI (IS). In contrast, here we show . 
that cvtoadherence to the endothelial receptor PECAM1/ 
CD31 is' a phenocype associated with the presence on the 
P P3C surface of at least one radioiodimtable polypeptide, 
th- 35-kD rifin in FCR3S1, but apparendy not to the radio- 
iodinatpd domains! of the PfEMPI in this parasite. It remains 
a possibility that a trypsm-resistant domain of PfEMPI con- 
tains the CD31 binding specificity. The 35-kD nfin may 
have in conjunction with PfEMPI or not, either a direct 
or m a^c-sory role in the binding of P PJ3Cs co CD31 and 
other receptors. Although binding to PEC AMI / CD 3 1 is a 
f-ature of only some laboratory-adapted strains (39), the 
evcem of this binding trait in natural P. falciparum popula- 



tions and its relationship to severe forms of malaria remains 
to be investigated. The prominent labeling of a 170-kD 
polypeptide in some isolates and laboratory strains and its 
paucity in nonbindmg clones has not escaped our atten- 
tion. Its labeling pattern may indicate molecular abundance 
at the pPJBC surface. In immunoprecipitation and U'estem 
blot assays, this band is neither recognized by antibodies to 
the highly conserved COOH-terminal segment of PfEMPI 
nor by immune sera that immunoprecipitate PfEMPI and 
components of the 30-45-kD rifin cluster from the_ same 
parasite. It remains to be determined whether the 1 /0-kD 
polypeptide is too antigemcaJiy diverse to be detected by 
heterologous antibodies or is not naturally immunogenic. 
Regardless of the function of nfins as well as the origin and 
function of the other novel surface-exposed polypeptides 
described here, their diversity, stability ot expression, and 
multiplicity of combinatorial patterns (19 distinct types m 
93 different parasites) suggests a potential for use as an iso- 
late cyping tool, conceivably in assays where the expressed 
PfEMPI variant is simultaneously assessed. 

Anti-ens exposed on the pRBC surface undergo clonal 
variation at rates of up to 1-2% per generation (28): The 
vanant adhesin PfEMPI, which mediates binding of in- 
fected erythrocytes to vascular endothelial cells and to un- 
infected erythrocytes, plays a major role in this antigenic 
variation (3, 27, 31). Adults living in areas of high malaria 
endemi-ity have antibodies in their sera capable of reacting 
with antigenic determinants of many P. falciparum isolates 
from distinct geographic regions (S, 19). These antibodies 
recognize conserved and polymorphic parasite antigens, in- 
cluding PfEMPI (9, 40). Our data indicate that nfin pro- 
teins are located on the surface of the pPJ3C and, mote- 
over, that these parasite-derived components are antigenic 
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in the course of a P. falciparum infection, eliciting a substan- 
tia] humoral immune response. Furthermore, we show here 
that human immune sera agglutinate infected erythrocytes 
under conditions such that most, if not all, PfEMPl prod- 
uces have been removed from the pPJBC surface. The pres- 
ence in sera of agglutinating or opsonizing antibodies reac- 
tive with die infected erythrocyte surface has been shown 
to con-elate with protection from lethal disease (S, 41). This 
preliminary data opens a new avenue for studies conducive 
to the eventual elucidation of targets for immune protec- 
tion against P. falciparum malaria. The relative contribution 



of the nfms, PfEMPl, and other surface antigens on the 
pRJBC to the triggering of the antibody response, Ig classes, 
and immunity buildup have yet to be determined. 

This represents the first report of natural immune re- 
sponses to surface molecules of incraerythrocytic P. jhki- 
pminu distinct from PfEMPl. The results indicate that more 
than one family of genes encoding variable surface-targeted 
proteins, perhaps' with additional epigenetic generation of 
submolecular variation, accounts for the remarkable diver- 
sity generated by the parasite in its host cell. 
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